Introduction
For many years Strength of Materials laboratories in undergraduate engineering instruction have been taught using massive testing machines, and large specimens with their accompanying large loads. Such machines are obviously expensive and subject to damage. For this reason it has been traditional to conduct such experiments for undergraduate students on a demonstration basis, where the instructor actually operates the equipment, and the students stand by observing and taking notes. This type of system was prevalent up until a few years ago and probably had some justification when strain measuring equipment was in its infancy, and had to be carefully adjusted by hand by people with years of experience in order to obtain consistently reliable results. Almost all industrial strain measurement is now carried out by the use of resistance strain gauges, and these have become inexpensive enough so that students may themselves attach their own strain gauges for educational purposes, thus gaining invaluable practical insight into the difficulties associated with such types of measurements. However, instrumentation for the reading of strain has historically been very expensive and not readily available for undergraduate, individual, educational purposes. Recently the cost of electronic components has been reduced significantly in the United States by volume production of items which in some cases can be adapted to strain indicating equipment. This opens up the possibility of relatively inexpensive strain measuring instruments being available for instructional and general laboratory use. A description of one such instrument is the subject of this present paper.
Philosophy of instruction
For the past ten years, we have been endeavouring at the University of Michigan to bring individual strain measuring instruction directly to the student simultaneously with lectures i n Strength of Materials. The Strength of Materials course taught there normally encompasses such topics as definitions of stress and strain, simple stress states, two dimensional stress states including Mohr's circle, the concepts of torsion and shear stress, beam bending and beam deflection. These lectures are normally accompanied by laboratory work involving simple definitions such as Young's modulus, stress-strain curves, Poisson's ratio measurements, and some work on torsion and an elementary measurement of a stress concentration. As previously described, this type of material was historically presented on a demonstration basis, but in 1965 a series of small scale testing machines were constructed using a design developed there. These machines use a hand or screw loading frame and are capable of exerting either tension, compression or torsion on relatively small specimens.
At the time of this original development, little or no commercial equipment was available of this type. Since then, however, a number of individual bench type testing machines have come onto the market, many of them more flexible and versatile than those presently used i n our laboratory. However, a typical machine of the type used a t the University of Michigan is shown in Fig 1, and, while somewhat antiquated, it is seen that they are still suitable for the purposes originally intended. While these machines have been quite adequate for the educational purposes for which they were designed, our experience shows that the hydraulic type of load sensing elements seem to require substantially more maintenance than similar mechanical elements, and if the design were to be re-done today, a mechanical load indicating system would be recommended over a hydraulic one. Under present crowded laboratory conditions two students must utilise a single testing machine at a time, which still gives considerable hands-on experience to each of the students involved. However, provisions for measuring strain are more cumbersome since it is necessary to utilise a single strain indicator connected through a multiple set of bridges with a switching system. This strain indicator is normally located between t w o testing machine stations, so that i n actuality four students share the same strain indicator. These indicators are semi-mechanical in nature, having a mechanical servo controlled system with a zeroing circuit. This allows strain to be read directly on a counter wheel type of system. These also require a substantial amount of maintenance. More recently, digital indicating units of a relatively sophisticated type have been obtained for some of these stations, but their cost is still quite high.
It appears that the logical course of development for bringing individual strain indicators into the hands of students would be a relatively inexpensive digital indicating strain meter capable of accepting either quarter, half or full bridges of either nominal 120 or 350 ohm resistance. Such a system would have considerable teaching advantages, and, if the cost could be kept low, would be within the budget of many educational institutions.
General layout of the strain indicator
The strain indicator which is described in this paper was developed by Precision Measurement Co., Ann Arbor, MI, for the type of service just described in educational environments, but also serves as a research or industrial tool equally well. Its requirements are relatively simple. It must accept either quarter, half or full bridges in either 120 or 350 ohm resistances, but need do so only through a very limited range of gauge factors, since experience shows that almost all gauges manufactured in the United States today carry gauge factors between 1.98 and 2.05. For this restricted range of gauge factors, some circuit simplifications can be made, thus keeping the cost of the unit low. An additional requirement on the unit is that it should have adequate balance control,so that bridge balance can be obtained with a wide range of gauge mismatches. This is accomplished using a typical balance circuit in the system. A third requirement on the indicator is that it be capable of reading strains of the order of 10,000 to 15,000 microstrain. In order to achieve this with the type of circuit available to us, it was necessary to include in the system a multiplying circuit. The value of the multiplier chosen here was five-to-one, so that in cases of fairly large strains the multiplying switch for 5 can be activated, and the unit will indicate one-fifth of the actual strain. While a number of excellent meter units has been available in the past, the delicacy and fragility of high quality meters seem to argue for a digital indicating unit for student use. If it were possible to develop such a unit, then its maintenance and life should be much greater than comparable meter devices. For that reason a fourth requirement on the unit was that it be a digital indicating system. While this may appear on the surface to be quite expensive, in fact the cost of light emitting diodes in the United States has been reduced considerably over the last few years, since they are widely used in a number of instruments and industrial applications. For that reason no significant cost penalty is associated with the use of light emitting diodes by themselves, although the auxiliary circuitry to drive them is substantially more complicated than would be encountered in the direct meter reading device. The external appearance of the system involves the use of a number of input binding posts on the front face of the unit, which in proper combination are designed to accept either the quarter, half or full bridge configurations. A question concerns the type of power input for the system. Ideally for student use the unit should be powered from mains, which in the United States are 11 0 to 120 volts at 60 Hz. However, the particular type of electrnoic circuit utilised here was borrowed from other industrial applications, and was designed to operate on 9 volts D.C. Accordingly, it was felt that with very little additional cost, the unit could be made useful both for field and laboratory work by retaining the original battery excitation system and simply adding a regulated power supply which could be used alternatively for indoor use or for use where mains current is commonly available. For that reason an alternate power supply is available with the unit, and units so constructed can be used either in the field under battery power or on mains power when available. An additional requirement on the unit is that it should have available oscillographic output in cases where dynamic strain measurements are to be recorded. While the system frequency response is not particularly high, such voltage output is extremely convenient for many purposes. It was found that by slight modifications of the original circuit, such an output could be added with relatively low cost, and it is included on the back panel of the instrument shown in Fig 2. With such relatively simple controls, the user is immediately able to master the use of this strain indicator and can readily set up his own strain gauge bridge circuits for the measurement of strains during a two hour laboratory session. We feel that this is a considerable advantage over previous strain measuring instruments, particularly since the ruggedness of the device, without the use of a sensitive meter, makes it relatively free of maintenance. 
Circuit description
A brief description of the general type of circuit used will be given here. In all cases, either quarter, half or full bridge operation is possible, using an internal set of additional resistors providing a full bridge array for the circuit. As strain causes resistance change in one or more of the arms of the bridge, an unbalanced voltage is developed and is fed to an amplifier. This amplifier is used to amplify the voltage output and filter extraneous noise, thus conditioning it for the analogue to digital converter portion of the circuit. The analogue to digital converter consists of four basic stages, the integrator, comparator, oscillator and counters. Other circuits contribute to these stages and will be described briefly. The analogue to digital converter applies the dual slope (ramp down and ramp up) technique to convert analogue or input voltage into digital form.
The integrator circuit has two inputs which control the state of its output. One input comes from the amplifier output voltage from the unbalanced bridge, while the other input remains fixed. The fixed input provides a reference level for switching the output to either high or low state. A time constant is provided which causes the output to ramp-down or ramp-up. When the input voltage is higher than the reference voltage, the output ramps down. When the input voltage is less than the reference voltage the output ramps up.
The comparator operates in a fashion similar to the integrator. It has two inputs, one fixed at the reference level which controls the state of its output. However, its output does not ramp-up or down. It is either at a high or low state since no time constant is involved.
The oscillator provides a standard of measurement for the counters, one oscillator being free running, which gives it a continuous series of pulses to the counters.
Four decade counters are used in the system, the first receiving pulses as its inputs from the free running oscillator. When the first counter counts nine pulses and starts counting the tenth, a pulse at its output is transferred to the input of the second decade counter. When the second counter reaches a nine to zero transition, a pulse is transferred from its output to the input of the third counter and so on. The total of four output counters then provides a four-digit readout system for the unit.
In addition to the basic operation of the system, which is widely used industrially for other purposes, a low battery indicator is present so that deficient batteries can be recognized by the appearance of a red dot on one of the light emitting diode units.
Economic advantages
Since one of the basic requirements of the design of this unit was to keep the cost low, a search was made for components which were in wide industrial application. The circuitry used in this system is almost all in large volume production for other industrial applications such as weighing systems, and for this reason the basic electronics are relatively inexpensive. The addition of the line voltage power supply and the analogue voltage output to an oscilloscope are units of relatively minor cost, which are added for the overall versatility and convenience of this strain indicator. However, the basic unit could be operated without these, although cost savings would be minimal. The majority of the cost in the unit is associated with the labour of constructing the circuitry and installing it properly in the case, along with the cost of the switches and potentiometers needed for the multiplying, balance and the gauge factor circuitry. In spite of the versatility and usefulness of this unit, the resulting price has been kept sufficiently low so that there is wide expectation that it, or similar circuits, will rapidly come into the picture as teaching tools in engineering colleges, just as the small hand calculators have completely supplanted slide rules. They will also find wide application as general laboratory strain indicators, where they will release more expensive equipment for specialised testing. 
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